Phytohormones play important roles in regulating numerous plant physiological and developmental processes, even during the postharvest storage period. In order to determine the functions and changes of gibberellins acid (GA 3 ), indoleacetic acid (IAA), abscisic acid (ABA), indolebutyric acid (IBA) and jasmonic acid (JA) in grape berries during storage, an ultrasensitive method based on direct injection online solid-phase extraction coupled with high-performance liquid chromatography tandem mass spectrometry (LC-MS/MS) was developed. Grape berries were extracted with cold methanol. After centrifugation, the supernatants were concentrated with a vacuum centrifugal concentrator and injected into an online solidphase extraction column. After the cleanup procedure, the analytes were determined by LC-MS/MS. The results showed that the linearity of the proposed method was 10-210 mg kg 
Introduction
Phytohormones play important roles in regulating cell division and tissue differentiation and in controlling plant development and maturation. Some phytohormones, such as abscisic acid (ABA), mediate host responses to various biotic and abiotic stresses, such as pathogen challenge, drought, seasonal change and cold and heat stress. ABA is a main signaling compound in the response to various stresses, such as water and salt stress, and is also a major factor mediating the switch to ripening in climacteric and non-climacteric fruit (1) . Gibberellins acid (GA 3 ) controls the sexual reproduction of various plants (2) . Indoleacetic acid (IAA) (3), believed to control the regeneration of plant tissue and cell division, is important in fruit development, maturation and aging. Indolebutyric acid (IBA), with a chemical structure very similar to IAA, has a similar function in plant regulation. Jasmonic acid (JA) accumulates relatively rapidly in plant tissues after wounding or exposure to fungal elicitors, likely as part of the self-defence mechanism in plants.
Numerous methods have been developed to determine different phytohormones, such as enzyme-linked immunosorbentassays (4) and high-performance liquid chromatography (HPLC) with different detectors (5 -8) . Most recently, HPLC coupled with electrospray ionization tandem mass spectrometry (ESI -MS/MS) demonstrated excellent performance in the determination of phytohormones in plant tissue, providing unique sensitivity and selectivity (9 -12) . HPLC -MS/MS methods generally use electrospray for the ionization of phytohormones, which suffer from ion suppression and charge competition from the matrix and cause adverse effects during quantitation. Thus, a carefully designed and dedicated sample cleanup procedure is required for trace level quantification. The determination of phytohormones usually demands tedious extraction and cleanup procedures, such as liquidliquid extraction (13) and HPLC purification. Prepurification of IAA and ABA on immune-affinity columns has also been reported (4) . In some cases, a two-dimensional HPLC system has been used to separate these analytes from the complex matrix (15) . Offline solid-phase extraction (SPE) is the dominant sample cleanup technique for the determination of various phytohormones to exclude interferes and diminish matrix effect (14, 15) . Several HPLC -MS/MS methods were developed to analyze phytohormones in grape berries. These methods included the use of multiple liquid -liquid extractions for GA 3 (16) ; offline SPE for ABA and its metabolites (17) and offline SPE for IAA, IBA, naphthylacetic acid, GA 3 and isopentenyladenine (18) .
Nonetheless, improved analytic methods for the measurement of endogenous phytohormones present at ultra-low levels are required because these compounds are sensitive to light, heat and oxygen. Another challenge of analysis is the low concentration of phytohormones in berry fruits. In contrast to seeds, flowers and sprouts, berry fruits contain only trace levels of phytohormones. Offline SPE for the purification and preconcentration of phytohormones requires a large sample volume and long sample loading time. After solid-phase extraction, a concentration step is needed to evaporate the solvent. These additional steps usually decrease the precision and accuracy of the method, especially when the phytohormone concentration is very low.
The liquid chromatography electrospray tandem mass spectrometry method combined with online solid-phase extraction (online SPE -LC-ESI -MS/MS) has proven to be robust, reliable and ultrasensitive (19) , with accelerated sample preparation and lower human error. Related techniques have been used to analyze trace compounds in biological tissues (20 -22) , foodstuff and ground water (23, 24) . In this study, we developed an ultrasensitive method based on direct injection online SPE coupled with HPLC-MS/MS to analyze the trace levels of five endogenous phytohormones in grape berries.
Experimental
Materials and reagents GA 3 , IAA, ABA, IBA and JA standards were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Standard solutions were prepared in methanol. Formic acid and ammonium acetate were purchased from Aldrich (Milwaukee, WI, USA). All solvents were of optima grade (Aldrich). Deionized water was obtained from a Milli-Q water system (Millipore, Milford, MA, USA).
Sample preparation "Red globe" table grapes were purchased directly from a local fruit market. In the laboratory, 5 g of grape berries was quickly frozen in liquid nitrogen and ground with 10 mL methanol precooled to 48C. Samples were extracted under the same conditions for 12 h, and the mixtures were centrifuged at 10,000 rpm for 10 min. The supernatants were then concentrated to 5 mL with a vacuum centrifugal concentrator (Maxi Dry Lyo, Heto-Holten, Denmark). The concentrated sample solutions were filtered through disposable 0.22-mm cellulose acetate membranes and directly injected into an online SPE column. After the cleanup procedure, the analytes were determined by LC-ESI -MS/MS.
For the recovery experiments, 5 g of sample was spiked with 0, 50 or 100 mg kg 21 of GA 3 , IAA, ABA, IBA and JA, respectively. The 0 mg kg 21 groups were used as controls. Samples were extracted as described in the previous section, and the recoveries of the five analytes were calculated using an external calibration curve.
Instrumentation A Rheodyne MXP9960-000 2-position, 10-port valve (IDEX, Oak Harbor, WA, USA) was used as the direct injection online cleanup device. The enrichment column was a Luna Security Guard 3 Â 4 mm C18 guard column. The sample loop was 1 mL. A Shimadzu LC-10AT pump was used as the cleanup pump. In position A, the sample loop was flushed to the enrichment column and cleaned with 10:90 methanol:water for 5 min at 0.6 mL/min; the analytic column was equilibrated with 20:80 water:acetonitrile. In position B, the sample was injected to the sample loop, and analytes in the enrichment column were flushed to the analytic column by pump B (Agilent 1260 solvent module). The signals were recorded with a quadruple MS/MS detector. The instrumental setup is illustrated in Figure 1 . The valve was manually switched from position A to position B after the clean and enrichment process.
HPLC-MS/MS analysis
HPLC analysis was performed on Agilent 1260 equipment (Agilent Technologies, Santa Clara, CA, USA). After the cleanup, the 2-position, 10-port valve was switched to position B, and the analyte in the enrichment column was flushed to the analytic column. The analytic column was an Agilent SB18 (100 Â 2.1 mm, 1.8 mm). The mobile phase consisted of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B). The gradient increased from 5 to 50% mobile phase B at a flow rate of 0.3 mL/min over 10 min. For HPLC-MS/MS analyses, the HPLC apparatus was connected to a 6410B mass spectrometer (Agilent Technologies, Santa Clara, CA, USA) equipped with an electrospray ionization source, worked in negative mode. Conditions for the MS analysis in the negative ion mode were electrospray voltage of 4000 V, nebulizing pressure of 45 psi, and drying nitrogen flow of 11.0 L/min at 3508C supplied by a Park nitrogen generator. Data were collected in multiple reaction monitoring (MRM) mode for five phytohormones.
Results

MS/MS conditions
Five single-standard solutions containing 50 mg L 21 of GA 3 , IAA, ABA, IBA or JA were used to optimize the conditions of the MS/ MS detector. To optimize the acquisition parameters of the mass spectrometer, mixed standards were directly injected using an auto sampler and flushed with 50% methanol without the analytic column. Full-scan spectra were acquired over the m/z range of 50 -500 amu with a dwell time of 100 ms and a step size of 0.1 amu for the identification of the precursor ions. The deprotonated molecular ions (M2H) 2 at m/z 279.4, 312.9, 391.6, 202.1 and 209.1 were selected as the precursor ions for GA 3 , IAA, ABA, IBA and JA, respectively. Once the precursor ion was selected, product ion-scan mode was used to scan for the product ion within a mass range of 50 -500 amu. The fragmentation voltage and collision energy were then determined with Optimizer software using a MassHunter workstation. The most abundant product ion was chosen as the quantitative ion from the MS/MS spectrum. Table I lists the final optimized MS/MS conditions. The MS/MS spectrograms of the phytohormones are shown in Figure 2 .
Online enrichment-cleanup conditions
To increase the ionization efficiency and separation of the five endogenous phytohormones, the optimization of sample preparation is crucial. By using online SPE coupled to an analytical column, we were able to eliminate the liquid extraction and evaporation pretreatment steps. A Luna Security Guard 3 Â 4 mm C18 guard column was used as the online SPE column. The injection volume, wash solvent and elution time were investigated in order to improve the online extraction process. Various concentrations of methanol, including 5, 10, 15, 20, 25 and 30%, were assessed to obtain the best recovery for the majority of analytes. The sample injection volume was also investigated by injecting three volumes of samples into 100, 200 and 500 mL sample loops. A 500-mL sample loop, injection of 100 mL of extraction solution and 10:90 methanol:water yielded good recovery and reproducibility.
Method validation
The linearity, limit of detection (LOD), limit of quantification (LOQ) and recovery of each analyte were investigated to evaluate the performance of the developed method under optimized HPLC and MS conditions. The calibration curves were in the linear range for 10 -210 mg L 21 for ABA, 8 -110 mg L 21 for GA3, 15-320 mg L 21 for IAA, 20 -320 mg L 21 for IBA and 10-150 mg L 21 for JA at five different concentration levels. All measurements were made in duplicate, and the calibration curves were constructed by plotting the peak area versus the concentration of each analyte (Table II) . The LOD and LOQ were considered the minimum concentration of analyte that could be confidently identified and quantified by the method. The LOD was determined by analyzing the blank sample at levels that provided a signal three times greater than the background noise. Similarly, the LOQ was identified at a signal-to-noise ratio of 10. 
Sample analysis
The proposed method was evaluated for the determination of GA 3 , IAA, ABA, IBA and JA in grape berry samples. There were no interfering peaks at the retention times of the five phytohormones in MRM mode ( Figure 3) . Thus, good specificity was achieved with the method. The recoveries of GA 3 , IAA, ABA, IBA and JA were obtained by spike-and-recovery experiments at 2 levels, 50 mg kg 21 and 100 mg kg
21
, for each phytohormone in grape berries. The recoveries of the five endogenous phytohormones ranged from 72.40 to 91.22%, and relative standard deviations (RSDs) ,4.85% were obtained from three measurements (Table III) .
Discussion
Grape berries produce trace levels of endogenous phytohormones. GA 3 , ABA and JA are carbon -carbon double bondbearing compounds that are sensitive to light and temperature and are easily photodegraded and oxidized. Thus, careful concentration and purification is required to prevent the loss of analytes during sample preparation. Most reported methods use a rotary evaporator to concentrate the extract the solution at 40 -608C, which could lead to the oxidation and decomposition of analytes. In our report, a vacuum centrifugal concentrator was used in place of a rotary evaporator to concentrate the sample solutions at room temperature. Because the sample solutions were frozen during the process of concentration, the decomposition of analytes was minimized by the lower concentration temperature as well as by reduced exposure to oxygen.
Traditional offline SPE is performed under ambient pressure. Consequently, there is risk of sample contamination and decomposition during the procedure. In contrast, online SPE is conducted in an enclosed environment, thus reducing analyte loss from contamination and decomposition. Generally, online SPE procedures have smaller RSDs than offline SPE procedures. Thus, coupling SPE with HPLC separation improves precision (25) . This result was confirmed by our experiments. In our results, RSDs were between 1.69 and 4.85% for the 5 endogenous phytohormones, compared with 2.1 to 11% reported with an offline SPE method (22) . Online SPE functions as a method for preconcentration, as well as for cleanup, and the increased sample loading volume improved the sensitivity.
Conclusion
We developed a novel, sensitive method based on online solid-phase extraction and enrichment coupled with highperformance liquid chromatography tandem mass spectrometry to determine the trace levels of endogenous ABA, IBA, IAA, GA 3 and JA in grape berries. The method was robust and reliable, and it required only very simple sample preparation. The extracts were directly injected into an online solid-phase extraction column for enrichment and online cleanup. The analytes were then separated in an analytic column and measured by MS/MS in MRM mode. Online SPE made the sample preparation procedure easier and simpler and reduced the time required for sample pretreatment. Moreover, the method improved precision and sample throughput. The method was successfully applied to the simultaneous analysis of five endogenous phytohormones in grape berries during the postharvest storage period.
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